Abstract: The tensile properties of the alloy 2618 and 2618-Ti were tested using a tensile testing machine. The morphologies of the fracture of tensile samples were observed using scanning electron microscopy. The strengthening and toughening mechanisms of alloy 2618-Ti at elevated temperature were systematically investigated based on the analyses of experimental results. The results showed that the tensile strength of alloy 2618-Ti is much higher than that of alloy 2618 at the temperature range of 250 and 300°C. But the elongation of alloy 2618-Ti is much higher than that of alloy 2618 at the temperature range of 200 and 300°C. The equalstrength temperature of intragranular and grain boundary of alloy 2618-Ti is about 235°C. When the temperature is lower than 235°C, the strengthening of alloy 2618-Ti is ascribed to the strengthening effect of fine grains and dispersed Al 3 Ti/Al 18 Mg 3 Ti 2 phase. When the temperature is higher than 235°C, the strengthening effect of alloy 2618-Ti is mainly attributed to the load transfer of Al 3 Ti and Al 18 Mg 3 Ti 2 particles. The toughening of alloy 2618-Ti at elevated temperature is mainly ascribed to the fine grain microstructure, excellent combination between matrix and dispersed Al 3 Ti/Al 18 Mg 3 Ti 2 particles as well as the recrystallization of the alloy at elevated temperature.
Introduction
Aluminum alloy 2618 (AA2618) is a kind of heat resistant alloy, for which equal amounts of Fe and Ni are added in Al-Cu-Mg alloy. The alloy is widely used as aerospace materials due to its higher strength at room and elevated temperature. Many researches have been carried out to improve its mechanical properties at elevated temperature [1] [2] [3] . Generally, the improvement of the strength of alloy 2618 at elevated temperature [4] [5] [6] results in the decrease of its strength and toughness at room temperature [7] .
Up till now, alloy 2618 prepared by conventional ingot metallurgy method (IM) is only used below 150°C under long-term services condition. The strength of the alloy at elevated temperature would obviously decrease because the precipitated S' phase formed during ageing treatment becomes coarser at higher temperature. For this reason, the alloy cannot be used at higher temperature in industry.
Among the Al-rich intermetallics such as Al 3 Ni, Al 3 Fe, Al 3 Zr and Al 3 Ti, Al 3 Ti has attracted wide attention because of its lower density, higher melting point (1,350°C) and high Young modulus (217 GPa) [8, 9] . Aluminum matrix composite reinforced with Al 3 Ti particles possesses higher tensile strength and better thermal stability at elevated temperature [10, 11] . Li et al. [12] investigated the solidification microstructure of alloy AlCu-Mg reinforced with a large amount of dispersed Al 3 Ti particles which were introduced by solid-liquid mixing and near-liquids casting method. It was found that the size of Al 3 Ti particles in Al-Cu-Mg alloy was in the range of 2-10 um, which was almost the same as that in Al-7wt. %Ti powders [13] . Liu et al. [14] found that the grain size of the alloy 2618-Ti was much smaller than that of alloy 2618. Because of the fine grain microstructure in alloy 2618-Ti, the optimized homogenizing time for the alloy was much shorter than that for alloy 2618. Li et al. [15] studied the flow behavior of alloy 2618-Ti during the process of hot compression. The results showed that flow stress of the alloy decreased with the increase of deformation temperature, and increased with the increase of strain rate. Wu et al. [16] investigated the evaluation of microstructure and hardness of the alloy 2618-Ti during its preparation. It was found that the hardness of the alloy 2618-Ti at T6 state was much lower than that of alloy 2618 at the same state. But tensile strength of alloy 2618-Ti at room temperature was higher than that of alloy 2618. The strengthening effect of alloy 2618-Ti at room temperature is mainly attributed to the synergistic effect of the fine grain microstructure, precipitating S' phase, and the dispersed Al 3 Ti and Al 18 Mg 3 Ti 2 phases. Up till now, there is no report on the strengthening and toughening mechanisms of alloy 2618-Ti at elevated temperature. In this work, based on the analyses of mechanical properties of alloy 2618-Ti at elevated temperature and their tensile fracture morphologies, the strengthening and toughening mechanisms of alloy 2618-Ti at elevated temperature were investigated. This work could provide valuable reference for the use of alloy 2618-Ti in industry.
Experimental procedures
The alloy 2618 (as a reference alloy) was prepared by ingot metallurgy method using industrial pure Al (99.7 mass%), Al-50 mass% Cu, Al-25 mass% Mg and Al-10 mass% Ni master alloys [17] . The alloy 2618-Ti (1.5 % Ti in mass fraction) was prepared by solid-liquid mixing and near-liquids casting method [12] . The nominal compositions of the studied alloys are listed in Table 1 . After homogenization, hot rolling, cold rolling, solid solution and ageing treatment, the tensile specimens were prepared using wire cutting machine. The sizes of the specimens are shown in Figure 1 . The tensile tests were carried out in a computer controlled electronic universal testing machine (model WDT-030). Before stretching tests, the specimens were kept at 25°C, 150°C, 200°C, 250°C and 300°C for 10 min, respectively. In order to make the fixed temperature of the specimens more accurate, the thermocouple was placed near the tested specimens. And the temperature was controlled through the thermostat. During the tests, the stretching rate of the specimens was kept at 2 mm/min. The fracture morphologies of the specimens were observed using JSM-6510 scanning electron microscopy (SEM).
In order to obtain the alloy 2618-Ti with different grain size, the cold rolled specimens were kept at 530°C for different time as shown in Table 2 . Then all the specimens were aged at 190°C for 16 h. The linear fitting of the tensile strength of alloy 2618-Ti at elevated temperatures was carried out using Origin software. The approximate equal-strength temperature of alloy 2618-Ti was obtained by averaging the intersection temperatures of the fitting lines of tensile strength of the alloy 2618-Ti with different grain size as a function of temperature.
Results and discussion
Mechanical properties of alloy 2618 and 2618-Ti at different temperatures
The mechanical properties of alloy 2618 and 2618-Ti at room temperature and elevated temperatures are listed in Table 3 . The curves of the tensile strength of these two alloys as a function of temperature are drawn in Figure 2 . It can be seen that the tensile strength of alloy 2618 and that of 2618-Ti decrease remarkably with the increase of temperature. The downward trend of the tensile strength of the alloy at elevated temperatures is similar to that of Al 18 B 4 O 33 whiskers reinforced aluminum composite [18] . The tensile strength of alloy 2618-Ti is just 1.9 MPa higher than that of alloy 2618 at room temperature. The Table 1 : Nominal composition of the studied alloys (mass%). [16] . Compared with the tensile strength of alloy 2618 at the same temperature, it can be known that the tensile strength for 2618-Ti at 150 and 200°C is only 6.3 % and 6.6 % higher than that of alloy 2618, respectively. However, the tensile strength of 2618-Ti is 14.5 % and 17.8 % higher than that of alloy 2618 at 250 and 300°C, respectively. Take into account these facts, we suppose there should exist a critical temperature within the range from 200°C to 250°C for alloy 2618-Ti. The strengthening mechanism of alloy 2618-Ti below the critical temperature would be different from that of the alloy above this temperature. The strengthening mechanism of alloy 2618-Ti would be elaborated in 3.3. Figure 3 shows the elongation of the alloy 2618 and 2618-Ti at different temperatures. It can be seen that the elongation of the two alloys increase significantly with the increase of temperature. At room temperature and 150°C, the elongation of the alloy 2618-Ti is only a little higher than that of alloy 2618. The elongations of alloy 2618-Ti is only 2.3 % and 4.8 % higher than that of alloy 2618 at these two temperatures, respectively. The increase of the elongation of the alloy 2618-Ti should be ascribed to the grain refinement of the alloy. When the temperature is above 200°C, the elongation of the alloy 2618-Ti is much higher than that of alloy 2618. The elongations of alloy 2618-Ti is 21.0 %, 16.3 % and 13.1 % higher than that of alloy 2618 at 200, 250 and 300°C, respectively. The toughening mechanism of alloy 2618-Ti at elevated temperature would be elaborated in 3.3, too. Determination of equal-strength temperature of alloy 2618-Ti
As we know, there exists an equal-strength temperature (T e ) for alloy materials, at which the grain boundary strength of alloys is equal to the intragranular strength. The schematic of the grain boundary strength and intragranular strength of alloys as a function of temperature is shown in Figure 4 . When the temperature is lower than T e , the grain boundary strength is higher than the intragranular strength. The smaller the grain size of alloys is, the more the grain boundaries in alloys are. The larger grain boundaries results in the increase of glide resistance of dislocation in alloys and the tensile strength of alloys. This kind of strengthening is called fine grain strengthening. When the temperature is higher than T e , the grain boundary strength is lower than the intragranular strength. So, the grain refinement of alloys would make their strength decrease due to the existence of large amount of grain boundaries. The curves of tensile strength of alloy 2618-Ti (A, B and C) with different grain size as a function of temperature are shown in Figure 5 . The linear fitting for these curves has been carried out and the fitting lines are shown in Figure 6 . Because the solid solution temperature for alloy C is the highest among three alloys (A, B and C) and its solution time is much longer than that for alloy B and A, so the grain size of alloy C is much larger than that of alloy B and A. Because of this reason, the tensile strength of alloy C could be approximately considered as the intragranular strength of alloy 2618-Ti. The tensile strength of alloy A and B with smaller grain size could be approximately considered as the boundary strength of alloy 2618-Ti. The intersections of the fitting line of tensile strength of alloy C as function of temperature with that of alloy B and A could be obtained, respectively. It can be seen from Figure 6 that the temperatures corresponding to the two intersection points are 216 and 253°C, respectively. As an approximation, we take the average value of the two temperatures as the equalstrength temperature. So, T e is equal to 235°C. The strengthening mechanism of alloy 2618-Ti below 235°C would be different from that of the alloy above this temperature.
Strengthening and toughening mechanisms of alloy 2618-Ti at elevated temperature phase, the amount of ageing phase (S') in alloy 2618-Ti is less than that in alloy 2618. Moreover, the ageing phase would grow up at the elevated temperature. Once the coarsening of S' phase occurs, the ageing strengthening effect would significantly decrease. So the strengthening effect of ageing phase in alloy 2618-Ti is smaller than that in alloy 2618 at elevated temperature. Besides, the strengthening effect of Al 9 FeNi in alloy 2618-Ti is the same with that in alloy 2618. When the temperature is below the critical temperature 235°C, the increase of tensile strength of alloy 2618-Ti compared with alloy 2618 is mainly caused by the fine grain strengthening and the strengthening of dispersive Al 3 Ti/Al 18 Mg 3 Ti 2 particles. Due to the decrease of precipitating strengthening of S' phase in alloy 2618-Ti, the tensile strength of alloy 2618-Ti is a little larger than that of alloy 2618. When the temperature is higher than 235°C, the grain boundary strength is smaller than intragranular strength and the decreasing rate of grain boundary strength with the increase of temperature is larger than that of intragranular strength. Because the grain size of the alloy 2618-Ti is much smaller than that of alloy 2618, the tensile strength of alloy 2618-Ti would be lower than that of alloy 2618 if we only consider the effect of grain boundaries. In fact, tensile strength of alloy 2618-Ti is much higher than that of alloy 2618 when the temperature is above 235°C. So the strengthening mechanism of alloy 2618-Ti at elevated temperature is mainly the load transfer strengthening of Al 3 Ti/Al 18 Mg 3 Ti 2 particles. Figure 7 shows the fracture morphologies of tensile samples of alloy 2618-Ti and 2618. It could be seen that two kinds of dimples exist on the tensile fracture at 150°C as shown in Figure 7 (a) and (b). One is in the form of small dimples and the other is in the form of large dimples. Their fracture mechanism was mainly micro pore coalescence fracture. There exist a lot of heterogeneous particles at the bottom of these dimples. The number of these dimples corresponds to the number of grains and the heterogeneous particles on the fracture. It could be seen that the number of dimples on the fracture of the alloy 2618-Ti is more than that of alloy 2618. When the temperature is at 200°C, the fracture morphologies of the two alloys change a little, except that the size of the dimples increases slightly. It indicates that the grain boundary strengthening and the load transfer effect of Al 3 Ti/Al 18 Mg 3 Ti 2 particles play important roles in alloy 2618-Ti at 150 and 200°C. Therefore, the strengthening effect of fine grains and dispersed Al 3 Ti/Al 18 Mg 3 Ti 2 phase is the strengthening mechanism for alloy 2618-Ti at lower temperatures.
When temperature exceeds 250°C, the number of tiny dimples on the fracture of the alloy 2618-Ti and 2618 reduces drastically and the size of large dimples increases obviously. It indicates that the merge of small grains with big grains happens at 250 and 300°C. Although the quantity of small dimples in alloy 2618 is more than that in alloy 2618-Ti, the tensile strength of alloy 2618 is much lower than that of alloy 2618-Ti. Thereby, we could conclude that fine grain strengthening would not be the strengthening mechanism for alloy 2618-Ti at 250 and 300°C. Our research [14] confirms that there exist a large number of Al 3 Ti and Al 18 Mg 3 Ti 2 particles in the alloy 2618-Ti. Based on the above analyses, when temperature exceeds 235°C, the effect of fine grain strengthening and aging strengthening would be significantly weakened. Therefore, the strengthening mechanism for alloy 2618-Ti at 250 and 300°C is mainly the load transfer of dispersive Al 3 Ti and Al 18 Mg 3 Ti 2 particles. From Figure 7 it could be seen that the particles combine well with the substrate. When an external force is applied to alloy 2618-Ti, the load would transform from matrix to the dispersive particles through their combining interfaces. So the alloy could bear larger load before fracture, which greatly improves the tensile strength of alloy 2618-Ti at elevated temperature. So the strengthening mechanism of alloy 2618-Ti at 250 and 300°C is mainly the load transfer mechanism of Al 3 Ti and Al 18 Mg 3 Ti 2 particles.
When the temperature is above 200°C, the elongation of the alloy 2618-Ti is much higher than that of the alloy 2618 as shown Table 3 . There are three reasons for the higher elongation of alloy 2618-Ti at 250 and 300°C. The first reason is the decrease in the grain size of the alloy 2618-Ti. The second reason is the uniform distribution of Al 3 Ti/Al 18 Mg 3 Ti 2 particles in matrix and excellent combination of the matrix with dispersed Al 3 Ti/Al 18 Mg 3 Ti 2 particles. Al 3 Ti particles in alloy 2618-Ti were added by solidliquid mixing and near-liquids casting, their size is very small and they distributed uniformly in the matrix.
Besides, because the lattice constant of Al 3 Ti is closed with the matrix and it could act as the nucleation core for the matrix, so the combination of Al 3 Ti phase with the matrix is very well. The formation of Al 18 Mg 3 Ti 2 particles is in the form of in situ reaction between AlTi 3 with Mg in matrix, so the combination between Al 18 Mg 3 Ti 2 particles and matrix is also very well [14] . It was reported there was no elongation decrease for composite if the reinforced phase was generated in the form of in situ reaction [19] . The third reason is the recrystallization of the alloy 2618-Ti at 250 and 300°C.
Generally, extraordinary plasticity of metals at elevated temperature would be attributed to the recovery, recrystallization softening and defect repairing [20, 21] . The recrystallization temperature of industrial pure aluminum which is suffered strong cold deformation is 150°C. The addition of alloying elements in aluminum could increase its recrystallization temperature. For alloy 2618-Ti and 2618, their recrystallization temperatures are about 200°C. When the temperature is above this temperature, the recrystallization of the alloy 2618 and 2618-Ti would occur. So, the elongation of alloy 2618-Ti increases obviously when the temperature is above 200°C. Moreover, when the external force was applied on the alloy, the synergic deformation of the dispersive Al 3 Ti/Al 18 Mg 3 Ti 2 particles with matrix is very easy at higher temperature. Therefore, when the temperature is higher than 200°C, the toughening of alloy 2618-Ti would be ascribed to the fine grain structure, excellent combination of dispersive Al 3 Ti/Al 18 Mg 3 Ti 2 particles with matrix and the recrystallization of the alloy.
Conclusions
1. The tensile strength of alloy 2618-Ti is only a little higher than that of alloy 2618 at the temperature range from 25°C to 200°C, but it is much higher than that of alloy 2618 at the temperature range from 250°C to 300°C. The elongation of alloy 2618-Ti is only a little higher than that of alloy 2618 at the temperature range from 25°C to 150°C, but it is much higher than that of alloy 2618 at the temperature range from 200°C to 300°C. 2. The equal-strength temperature of alloy 2618-Ti is about 235°C. When the temperature is lower than 235°C, the strengthening mechanism of alloy 2618-Ti is mainly the fine grain strengthening and the load transfer strengthening of 
